The germ theory, beriberi, and the deficiency theory ofdisease diseases resulting from dietary deficiencies.-" Budd's 1840 article on scurvy was frequently cited by English physicians through the turn of the century.14 One reason for his continued influence was that he was among the last practising physicians to be particularly interested in the disease. By the beginning of the nineteenth century, scurvy had been virtually eliminated from the British navy.15 Except for uncontrollable situations, such as famine and war, where the known therapies could not be applied, scurvy gradually declined in other areas and populations." Moreover, the prevailing conception in medical circles was that a given disease was identical with a particular collection of symptoms." Given this conception, and given that the symptoms of scurvy were more readily controlled than were those of most other diseases,18 scurvy 1" George Budd, 'Disorders resulting from defective nutriment', Lond. med. Gaz The body, structure, and functions are not in the least at fault; in one sense, each part of the system is ready to perform all its functions, but one of the external things necessary for its doing so is taken away. In the case of suffocation, the body is not at all in fault, but it suffers from a want of fresh air; so in scurvy, the functions are all right, but the food which the body by nature requires, is withheld from it." (Elliotson, op. cit., note 7 above, p. 653.)
14Hughes (op. cit., note 13 above, p. 133) observes "there is no strong evidence that [Budd's] ideas achieved any element of permanency or influence" although Hughes admits that Budd was cited by Pereira in his Treatise on food and diet (1843). In fact, Budd's work on scurvy was cited (with approval) in a major review of literature on scurvy (Brit. 17 A particularly clear illustration of this conception is in J. A. Symonds, 'Pathological introduction', in Tweedie, op. cit., note 10 above, vol. 1, pp. 2f. Symonds writes that the word "disease" denotes "a collection of disordered actions, called symptoms". Later he observes that "morbid actions or phenomena may occur singly; but far more frequently they are observed in certain groups.
The latter are what are generally known as special diseases, and are the subjects of nosology. The individual affections composing the groups are called symptoms ... which are themselves instances of disease. Thus the disease called phthisis is a collection of morbid states, such as emaciation, hectic fever, cough, expectoration, etc.; these are it symptoms: none of them individually could be called phthisis-a name which only belongs to them collectively."
1 Gilbert Blane wrote that the efficacy of lemon juice in curing scurvy "gmay ... be stated as singular when compared to that of any other remedy in any other disease." Since it prevents and cures the disease so completely and with no adverse effects, "it performs not only what no other remedy will perform in this disease, but what no known remedy will effect in any known disease whatever." Observations on the diseases incient to seamen, in Lloyd, op. cit., note 9 above, pp. 179f.
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K. Codell Carter must have been commonly regarded as completely understood. This attitude is typified in an editorial written in 1858 wherein the conquest of scurvy is spoken of as a leaf in the laurel wreath on the brow of medical science. 19 One can gauge the attitude of nineteenth-century British physicians toward scurvy by examining references to the disease in the articles, editorials, and letters in the Lancet. After Budd's articles there are few references to scurvy until 1848 when failure of the potato crop resulted in numerous cases of the disease in England and Ireland. Work carried out at this time by John Aldridge and (independently) by Alfred B. Garrod suggested that scurvy may have been caused by a deficiency of potash.20 Through the next decade there are few references to the disease. Beginning in the late 1850s and continuing for about twenty years there are numerous letters and editorials decrying the continued appearance of scurvy in the British merchant fleet. In these notices, scurvy is consistently treated as a disease entirely understood and completely preventable-ship owners who allow the disease to appear are regarded as criminal and, in one editorial, compared with murderers.2' In one of the few original articles on scurvy to appear in this period, the disease is attributed to deficiency of protein. The germ theory, beriberi, and the deficiency theory ofdisease and the lack of fresh food (like the hereditary pattern of haemophilia) could be explained on this interpretation.29 Koch's book seems not to have had much impact, but it was given a serious review in the Lancet.30 Through the end of the century, there are scattered references to toxic and micro-organistic explanations for scurvy; these are generally sceptical and often rebutted.3' In the first decade of the twentieth century opinion was clearly shifting toward such an explanation, but as late as December 1904, an editor of the Lancet could still write that "the general disposition is to regard scurvy as due to the absence of certain elements in thefood which is taken, but the exact nature of those elements has not been conclusively demonstrated."'2
The preceding quotation is part of a continuous tradition that, as we have seen, extends back beyond the time of George Budd. This quotation was published less than three years before the classic paper on scurvy by Holst and Frolich that was fundamental to the development of the deficiency theory,8 and less than eight years before that theory was given its first full articulation by Casimir Funk. 34 Yet in 1911, seven years after the editorial quoted above, a report on vitamins published by the British Medical Research Committee stressed the difficulty of implanting "the idea of disease as due to deficiency". We can, somewhat arbitrarily, take 1880 as the beginning of serious occidental interest in beriberi. By that time there was a strong and broadly based opinion that the disease was diet-related. It was obvious to everyone that the disease was predominant only in areas where rice was the staple diet. Several medical obesrvers between 1850 and 1880 attributed the disease to an "insufficient diet or a diet not corresponding to the metabolisms and bloodmaking, or to the needs of the body".54 Of those who ascribed beriberi to an insufficient diet, some seem to have believed that it was simply a quan- 
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K. Codell Carter titative failure-people who got beriberi were those who had too little to eat.66 However, others believed that the problem was a qualitative failure-those who contracted the disease had too little of certain essential foods. Van Leent, for example, held that beriberi was always due to consumption of too small a proportion of albuminous substance and of fat.56 Among the most important early observers to espouse a dietary explanation for beriberi was Kamehiro Takaki. Takaki was the first person to collect systematic evidence on a large scale that supported the deficiency concept. He first heard of beriberi from his father who was a guard at the Japanese Imperial Palace. Many of the guards suffered from beriberi; "they attributed the cause to food and called a provision box the 'beriberi box'."67 Takaki became a naval doctor, spent five years studying medicine in London, and was appointed director of the Tokyo Naval Hospital. By 1882 Takaki's own observations led him to attribute beriberi to poor diet. His view was that "a wide departure of nitrogen and carbon from the standard proportion (1 to 15) essential to the maintenance of health, resulting from a great deficiency of nitrogenous substances and a great excess of carbohydrates in food, is the cause of kakke (beriberi)."r8 Takaki persuaded the sceptical Japanese admiralty to initiate massive dietary reforms-crews were given more meat (especially fresh meat), morevegetables, and atsomemeals theywere given barleyinstead of rice. The effects were incredible: in 1882 there were over 400 cases of beriberi for each 1,000 men, in five years the disease had been completely eliminated. Takaki's observations were reported in major European medical periodicals, he himself was honoured at home and abroad, and his evidence was ultimately important for the solution of beriberi. Unfortunately, Takaki's own ideas about the etiology of beriberi were false and he seems to have persuaded almost no-one.59
Takaki's theory was conclusively refuted by a large, if unsystematic, body of epidemiological facts that were widely known years before his studies were even 6' Ibid., p. 590. This idea was rejected on the grounds that those who contracted beriberi often consumed prodigious quantities of rice.
6 Van Leent, 'Mededeelingen over beriberi', Geneesk. Tijdschr. Ned.-Indii, 1880, 20: 272. 6 Takaki, op. cit., note 1 above, p. 1370. 8 Takaki, ' On the cause and prevention of kakke', Sei-i-Kwai med. J., 1885, 4: 29. Other writers favoured the idea that beriberi was due to deficiency of fat. For a brief review of some work done along this line see Br. med. J., 1899, H: 487, 866.
I' It is difficult to identify anyone who espoused Takaki's theory, although his dietary reforms were emulated (e.g. in the British prison at Kuala Lumpur). Early European reviews of Takaki's results generally rejected his theory. In the Lancet, the reviewer writes "it is probable that [Takaki's] theory will require modification; that error of diet will be admitted to occupy the second place [i.e. second after some micro-organism or toxic agent] instead of the first in the order of causative agents". (1887,11: 233). Takaki's theory seems not even to have been particularly popular in Japan: his original report provoked a dubious, if not hostile, reaction when it was first presented (Sei-i-Kwai med. J., 1886, 5: 12-16, 27-30) and there are indications that it did not grow in popularity (Lancet, 1904 , ii: 1513). According to Williams (op. cit., note 6 above, p. 35) "Takaki's theory ... was untenable ... mainly because it was the general medical opinion that disease must have a positive cause, for example, a germ or toxin, or in other words that a deficiency would not provoke a disease." In a later discussion of beriberi, Takaki observed that "the pathological changes occurring in nerves, muscles, etc., are the result of inability of the tissues to repair the waste owing to the insufficiency of nitrogenous substances in the food and the above changes ale further aggravated by the presence of the large quantity of carbohydrates in the food." (Takali, op. cit., note 1 above, p. 1371.) There is no trace of this idea in Takaki's original publications and its inclusions in this later report may reflect some wavering in the face of the general opposition he encountered.
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The germ theory, beriberi, and the deficiency theory of disease begun. In 1835, John G. Malcolmson observed that "the comparative cheapness of all kinds of grain in the Circars, and the easy circumstances of many of the native soldiers who suffered, are fatal to any supposition of the disease depending on deficient and unhealthy diet."60 By 1880 it was common knowledge that those who contracted beriberi often ate more and a better range of foods than those who did not.61 Moreover, populations that seemed especially vulnerable to beriberi were often living amid a larger population that remained healthy, and the only apparent dietary difference between the two groups was that the larger and immune population regularly consumed less protein.62 Finally, specific cases were known in which beriberi appeared among persons who were living almost entirely on protein.63 It was impossible to reconcile these facts with Takaki's theory. These and similar facts continued to count as evidence against dietary theories of beriberi until after the turn of the century. Unfortunately, the argument based on these observations regularly seemed stronger than it really was. Notice how Braddon summarized the argument in his own extensive study of the disease: against those who hold that a deficiency of nitrogen or fat causes beriberi one can cite "several instances in which outbreaks of beriberi happened, and yet there was no deficiency of nitrogen or of fat, or ofany other proper component ofdiet".." Braddon was obviously assuming that all proper components of diet were known; only under this assumption could he conclude that beriberi sometimes appeared where there were no deficiencies of any kind. By challenging this unwarranted assumption, it ultimately became possible to reconcile Takaki's observations with the well-established epidemiological facts. One needed only to realize that there were unknown but essential nutrients which, when lacking, resulted in beriberi.
Because the deficiency theory seemed incompatible with the facts, most early observers favoured other explanations for beriberi. Perhaps the most popular of the alternative theories was that it was "miasmatic" or "malarial". Early observers noted important epidemiological similarities between beriberi and malaria. These 
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K. Codell Carter rice. (3) In some primitive areas, the rice was not machine milled at all, but was stored unhusked and then pounded and winnowed just prior to eating.79 Local custom, ethnic origin, and economic status were among the factors determining which kind of rice an individual ate. In Java, prison inmates were usually fed whichever form of rice was commonly consumed by the local population; in twenty-seven prisons, inmates ate unpolished rice, in seventy-four others the rice was decorticated to some extent. This provided an ideal opportunity for determining whether beriberi was correlated with the consumption of decorticated rice. Eijkman's colleague, A. G. Voderman, who was then a Civil Medical Inspector, conducted surveys of the prisons throughout Java. The preliminary results were astonishing: of nearly 300,000 prisoners, only one in 10,000 of those who ate unpolished rice had beriberi, while one in thirty-nine of those who ate polished rice had the disease.80 These results exhibited dramatically the correlation between the incidence of beriberi and the consumption of a particular kind of rice. Within a few years, studies of other populations confirmed these results. Braddon noted that in the Malay States, the Chinese, who ate polished rice, were seriously afflicted with beriberi; Tamils, who ate unpolished rice, and native Malays, who ate rice that was not mechanically milled, were almost free from the disease.8' Both Voderman's and Braddon's evidence was demographic and it was, therefore, subject to no strict controls. Eijkman's studies on fowl could yield only analogical arguments that many found unconvincing. The germ theory, beriberi, and the deficiency theory ofdisease Association of Tropical Medicine in 1910. Both focus on an empirical correlation between the respective disease and particular dietary patterns. In both cases there was clear evidence that the disease could be effectively controlled by specific changes in those patterns. The remarkable difference is that, whereas the empirical understanding of scurvy effectively ended all new study, everyone seems to have regarded the empirical correlation between beriberi and polished rice as interesting only insofar as it pointed the way toward a deeper theoretical understanding of the disease. Why was there this difference? The answer must be found in the germ theory. The germ theory provided a causal explanation for many diseases, but it did much more. First, it explained a wide range of facts (facts about the spread of disease, about certain kinds of immunity, etc.) in terms of the natural behaviour of micro-organisms. In many cases, these facts had been known long before the germ theory was promulgated, but they remained unexplained and unconnected. Second, whereas particular diseases had been regarded as collections of symptoms, the germ theory treated each set of symptoms only as the clinical manifestation of a disease. This led to new classifications of diseases and it made diagnosis much more definitive. In these ways, the germ theory systematized certain areas of medical knowledge. Consequently, knowledge of these diseases explained by the germ theory was more fundamental, more coherent, more scientific. Thus, the germ theory provided a new standard for judging the understanding of any disease. Against this standard, disorganized collections of facts were no longer adequate. This was no less true when those facts included -as they did for scurvy, for example-completely reliable and correct methods for preventing and curing the disease. Before ii: 808 (Fletcher).
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K. Codell Carter course, most of these were derived in one way or another from the germ theory.87 Braddon proposed that polished rice was the locus within which a toxin was created by micro-organisms and by which it was transferred into the potential victim.88 Eijkman's original hypothesis was also a version of the toxic theory: "under assumption that all polyneuritis ultimately seems to be intoxication, we must assume that the starch in these cases carries a poison or that from it-either in the alimentary canal (possibly under the influence of a micro-organism) or in the nerves-a poison is produced through the chemical process of metabolism. In the pericarp [Silberhautchen] of the grain, then, the material(s) would be present, through which the poison is, in some way, made harmless or, perhaps, its creation is prevented."89 An essentially correct theoretical understanding of the situation was suggested by Gerrit Grijns, a microbiologist who succeeded Eijkman as director of the pathology laboratory in Batavia. In an article published in 1901 Grijns proposed that there may be some unknown ingredient in the pericarp whose absence resulted in beriberi.90 In the article he asserted that recent developments were leading away from the idea that beriberi was infectious. Moreover, in his own experiments he had induced polyneuritis in chickens by feeding them concentrated protein (cooked horse meat) and this, he felt, counted heavily against Eijkman's hypothesis. The most likely conclusion seemed to be "that there are various natural foodstuffs that cannot be missed without particular damage in the peripheral nerves".9'
Grijns' hypothesis, which did not appear in a readily accessible source, seems not to have received prompt attention; for the next few years most researchers continued to favour a toxic or infectious explanation. However, it is misleading to attribute this to "preoccupation of scientists and doctors with positive infecting agents". In the first place, there were persuasive arguments against dietary explanations of beriberi. In 
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K. Codell Carter verify that similar diets would induce scurvy in humans, but they did mention that earlier evidence connected scurvy with deficient diet, and that scurvy and beriberi often appeared together.101 They also cite B. Nocht, a German observer, who had argued that it would be helpful to treat ship-beriberi as a form of scurvy. In their original publication, Holst and Frolich did not endorse any specific theories about the cause of beriberi or of ship-beriberi. Subsequent developments revealed clearly, however, that they regarded these diseases (like scurvy) as deficiency diseases. For example, at a discussion of the Society ofTropical Medicine and Hygiene, Holst noted that on identical diets, chickens contracted beriberi, guinea pigs contracted scurvy, and pigs contracted both diseases.102 As a result of their publications, beriberi, scurvy, and ship-beriberi were all seen as causally linked to deficient diets and, therefore, as theoretically linked to one another.
In 1910 Fraser and Stanton showed that the substance that prevented beriberi was soluble in strong alcohol, and that the effectiveness of a given grain in combating beriberi was correlated with the amount of phosphorus it contained.103 This led Schaumann, who was associated with Nocht, to propose that a wide range of diseases may be due to deficiency of phosphorus. "According to all appearances there is a series of diseases that are similar in etiology to beriberi. For scurvy this is, through numerous observations, well founded. To this group of diseases with similar etiology also belong, apparently, Barlow's disease, rickets, osteomalacia, and possibly also pellagra. For all these diseases the opinion is clearly suggested that they are the result of a shortage of phosphorus."104 Schaumann's hypothesis was a step backwards insofar as he believed that all these diseases resulted from deficiency of the same nutrient. By obtaining a purer specimen of the crucial ingredient in rice husks, Casimir Funk was soon able to show that beriberi, at least, was not due to phosphorus deficiency.105 However, Schaumann did advance matters by classifying pellagra and rickets with scurvy and beriberi. Unfortunately, his 397-page treatment of beriberi, the source of the preceding quotation, contains no discussion either of pellagra or of rickets, and in his previous and subsequent publications there is no mention of either disease.106 For Schaumann, classifying pellagra and rickets as deficiency diseases seems to have been as much a lucky guess as a rational inference.107
Ibid., pp. 666-669. 1 Alex Hoist, ' 107 His (unstated) grounds for so classifying the diseases may have been the following: pellagra, like beriberi, was epidemiologically connected with consumption of a particular grain (corn). Early observers attributed the disease to a deficient or one-sided diet, and they noted symptomatic similarities between pellagra and scurvy. Numerous unsuccessful attempts had been made to explain the disease as an intoxication or as an infection. To those engaged in beriberi research, these similarities must have been highly suggestive. The situation was somewhat different in the case of rickets. There was a long-standing opinion that rickets was diet-related. By the end of the nineteenth century, a theory was originated in Germany that attributed rickets to a lack of elemental phosphorus. (McCollum, op. cit., note 5 above, p. 272.) This notion became sufficiently popular that it was
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The germ theory, beriberi, and the deficiency theory ofdisease By 1910 several lines of work were converging rapidly on the deficiency theory of disease. First, epidemiological studies (Takaki, Voderman, Braddon, Fletcher, Stanton and Fraser) and animal experiments (Eijkman, Grijns, Holst and Frolich) had exhibited a connexion between certain diets of milled grain and various distinctive disorders. Second, chemical studies (Eijkman, Fraser and Stanton, Funk) had isolated and characterized with fair precision the particular ingredient in rice polishings that would prevent and cure some of these disorders. Third, an important negative result was that after thirty years of searching, microbiologists could not agree in identifying a particular micro-organism that was causally responsible for any of the diseases in question. Given the importance of the germ theory at this time, it would have been difficult for any deficiency hypothesis to have been accepted as the ultimate explanation for beriberi without this negative result. Fourth, theoretical developments (Grijns, Holst and Frolich, Nocht, Schaumann) had generated the elements of a perfect conceptual framework within which most of the observations could be explained. Finally, we must consider one line of research which, although of relatively minor importance in the original formulation of the deficiency theory, proved to be of great significance in its subsequent elaboration. Through the nineteenth century, various experiments were performed to test the influence on animals of simplified diets-often diets consisting of one isolated food substance. For the most part these experiments were not connected with the study of any particular disease, and often they had relatively little impact on subsequent medical thought. By the beginning of the twentieth century, numerous more systematic experiments of this kind were performed in examining the processes of protein synthesis.108 Various experimenters discovered that the macronutrients alone would not support normal growth and development of animals. In 1906 F. Gowland Hopkins, who was a leader in these experiments, concluded that "there are many minor factors in all diets of which the body takes account. In diseases such as rickets, and particularly in scurvy, we have had for long years knowledge of a dietetic factor; but though we know how to benefit these conditions empirically, the real errors in the diet are to this day quite obscure."'09 Such conclusions provided collateral support for the deficiency concept as an explanation for beriberi. Taken together all of these relatively independent lines of work constituted the basis for the deficiency theory of disease-it was necessary only that they be assembled correctly.
The first publication in which all these strands were finally assembled was Casimir Funk's The etiology of the deficiency diseases published in 1912. Funk announcedsomewhat prematurely-the isolation of a highly concentrated form of the protective substance for beriberi; he proposed that it be called vitamine. K. Codell Carter beriberi, polyneuritis in birds, epidemic dropsy, scurvy, experimental scurvy in animals, infantile scurvy, ship-beriberi, pellagra, and (toward the end of his article) rickets, as deficiency diseases. He stated clearly that these different diseases are due to different deficiencies. Funk, in contrast to Schaumann, provided some justification for including pellagra and rickets in this classification. Funk noted that about twenty years of experimental work had been necessary to establish that these various diseases were caused by a deficiency of essential nutrients. He admitted that this view was still not generally accepted, but he claimed that there was enough evidence "to convince everybody of its truth, if the trouble be taken to follow step by step the development of our knowledge on this subject".1'' Subsequent research has confirmed most of Funk's opinions and vindicated most of the arguments he provided in their support. After his paper, additional work on the deficiency diseases can be thought of as the elaboration of an existing theory rather than as the creation of a new one.
SUMMARY AND CONCLUSIONS
We began by citing numerous writers who treat the germ theory only as an obstacle that delayed recognition and study of the deficiency diseases. But our investigation has revealed that this point of view does not give due consideration to important facts. Deficiency diseases were recognized as such for half a century before the germ theory was promulgated. In British practical medicine, scurvy was continuously thought of as a deficiency disease at least from the beginning of the nineteenth century. However, early in that century, work on scurvy stagnated; there was little interest in a more fundamental understanding of the disease until the dietary explanation was challenged (but never surmounted) by explanations based on the germ theory. During this period, beriberi became prominent. Its etiology was first understood by microbiologists and orthodox pathologists who, in the relatively short period of about thirty years, developed a new theory of disease that explained not only beriberi but also scurvy, rickets, pellagra, and various other illnesses. There is no doubt that the germ theory misled many of those who investigated beriberi, but it also suggested demographic studies and animal and chemical experiments that were crucial for a full understanding of the disease. Moreover, the germ theory provided a new standard for theoretical understanding of disease. Against this standard, the understanding of scurvy was recognized as inadequate, and new studies were undertaken. Thus, the germ theory revived interest in scurvy and it motivated researchers to seek a theoretical understanding of beriberi. Without this motivation, work on beriberi might have stagnated once the disease could be controlled, just as work on scurvy had stagnated about a century earlier. In this sense, the germ theory contributed directly to the development of the deficiency theory of disease. In view of these facts, treating the germ theory only as a barrier to the study of deficiency diseases seems, at the very least, to reflect a serious lack of historical perspective. 
